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Introduction
============

Desmosomes are adhering junctions that are involved in cell--cell adhesion, differentiation, and signal transduction ([@bib16]; [@bib15]). They are responsible for strong intercellular adhesion and are as such indispensable in tissues that undergo mechanical stress, for example in the skin ([@bib32]). Recently, evidence was found for an active role of desmogleins (Dsgs)[\*](#fn1){ref-type="fn"}in delineating the differentiation-specific properties of the epidermis ([@bib10]; [@bib21]). Desmosomal adhesion was also shown to be involved in epithelial morphogenesis to an extent comparable to the role of adherens junctions ([@bib42]). These results indicate a wider role for desmosomes than the mere establishment of rigid cell--cell adhesion.

Desmosomes are assembled on a scaffold of transmembrane desmosomal cadherins, the Dsgs and desmocollins (Dscs), both existing in three isoforms ([@bib26]; [@bib24]; [@bib15]). Dscs occur in two splice variants, a longer "a" and a shorter "b" type, as a result of alternative splicing. The corresponding genes display a tightly regulated expression pattern, dependent on cell type and cell differentiation ([@bib24]; [@bib15]; [@bib36]).

Desmosomal cadherins interact with a complex of plaque molecules, comprising plakoglobin (Pg), plakophilins (PKPs), and desmoplakin (DP). This complex binds intermediate filaments through DP ([@bib15]). The importance of DP and Pg in desmosome function has been shown in the last few years ([@bib4]; [@bib41]; [@bib13]; [@bib1]; [@bib33]). Using mice lacking DP expression in skin epithelium, it was recently shown that functional desmosomes are required for epithelial sheet assembly ([@bib48]). PKP1 is an essential desmosomal plaque molecule of the uppermost differentiated layers of stratified epithelium ([@bib17]; [@bib19]). Its importance is shown in patients lacking PKP1 expression, resulting in a skin fragility syndrome ([@bib32]; [@bib31]). PKP2 is found in basal cell layers of stratified epithelia and in single-layered epithelium, as well as in nonepithelial desmosomes ([@bib34]). Recently, PKP2-interacting desmosomal proteins have been identified, and their involvement in β-catenin--mediated signaling pathways was shown ([@bib9]). Both PKP1 and PKP2 occur as widespread nuclear proteins whose functions are still unknown ([@bib34]; [@bib44]). Finally, the latest PKP identified (PKP3) was shown to be generally expressed in epithelia, with the exception of hepatocytes ([@bib5]; [@bib45]).

Here, we report that PKP3 binds directly to the desmosomal cadherins Dsg1, Dsg2, Dsg3, Dsc3a, and Dsc3b, and possibly also to Dsc1a and Dsc2a. This identifies PKP3 as the first interaction partner reported for a Dsc-b isoform. Moreover, a direct interaction was observed between PKP3 on the one hand and Pg, DP, and the epithelial cytokeratin 18 (CK18) on the other hand. We also found evidence for the presence of at least two DP-binding sites in the PKP3head domain. Binding of more than one DP molecule by PKPs might explain how desmosomes are laterally enlarged in upper layers of stratified epithelia, as previously hypothesized ([@bib29]). The broad spectrum of PKP3 interaction partners in desmosomes, combined with its ubiquitous expression in epithelia, suggests that PKP3 is an important building block in the continuously changing composition of epithelial and epidermal desmosomes.

Results
=======

Detection of desmosomal PKP3 in simple and complex epithelia by use of novel mAbs
---------------------------------------------------------------------------------

In immunofluorescence detection experiments using the newly generated anti-PKP3 mAbs 23E3/4 and 12B11F8 raised against different PKP3-specific peptides, we detected PKP3 in a desmosomal punctate pattern along cell--cell contacts, besides weak immunopositivity in the cytoplasm. This observation was made in both methanol- and formaldehyde-fixed cells (exemplified in [Fig. 1](#fig1){ref-type="fig"} , a--c). Control immunodetections of DP (unpublished data) or PKP2 ([Fig. 1](#fig1){ref-type="fig"} d) revealed a similar pattern along cell--cell contacts. The punctate localization of PKP3 and PKP2 along cell--cell contacts is also obvious from the larger magnifications ([Fig. 1](#fig1){ref-type="fig"}, a′--d′). Western blot experiments showed that these novel mouse anti-PKP3 mAbs do not cross react with either PKP1 or PKP2 ([Fig. 1](#fig1){ref-type="fig"} e). However, using these mAbs we could not confirm nuclear localization of PKP3 observed previously with a rabbit pAb ([@bib5]). Intriguingly, mAb 12B11F8 was raised against the same antigenic peptide as this rabbit pAb. Therefore, the reported nuclear PKP3 localization using the rabbit pAb may be caused by additional immunoreactivity, unrelated to PKP3 despite the fact that preincubation of the polyclonal antiserum with the antigenic peptide could block its activity ([@bib5]).

![**Immunodetection of PKPs using different mouse mAbs.** PKP3, detected with mAb 23E3/4 (a and b), 12B11F8 (c), or PKP2 (d) show a similar expression pattern along cell--cell contacts in methanol-fixed HaCaT (a) and HCT8/E8 (b--d) cells. Larger magnifications display the punctate localization of these proteins along cell--cell contacts (a′--d′). Bar, 10 μm. (e) Western blot detection of PKP3 (lane 1, mAb 12B11F8; lane 2, 23E3/4), PKP2 (lane 3), and PKP1 (lane 4) in HaCaT protein lysates. Equal amounts of protein were loaded in each lane.](200303036f1){#fig1}

mAb 23E3/4 was also used on paraffin sections of formalin-fixed human skin and colon. PKP3 is detected in all living layers of the human epidermis, but not in the stratum corneum or dermis ([Fig. 2](#fig2){ref-type="fig"} a). At higher magnifications, the punctate localization of PKP3 along cell--cell contacts, typical of desmosomal components, is clearly visible ([Fig. 2](#fig2){ref-type="fig"} b). Epidermal cells of the hair follicle also synthesize PKP3 ([Fig. 2](#fig2){ref-type="fig"} c), and PKP3 protein was observed in both the inner and outer root sheats of hair follicles (unpublished data). No signal could be detected in the negative control sections, in which the primary antibody was omitted ([Fig. 2](#fig2){ref-type="fig"} d). PKP3 was also detected in vivo in simple epithelia such as colon ([Fig. 2](#fig2){ref-type="fig"} e), whereas no signal was observed in the corresponding negative control sections ([Fig. 2](#fig2){ref-type="fig"} f). In line with previously reported expression data on PKP3 ([@bib5]; [@bib45]), the present results show that PKP3 is cosynthesized with the differentiation- and cell type--specific desmosomal cadherins, and with both PKP1 and PKP2, in single- and multilayered epithelia.

![**Immunohistochemical detection of PKP3 in paraffin sections of formalin-fixed human skin and colon using mAb 23E3/4.** PKP3 is expressed in the living cell layers of the epidermis, but not in the stratum corneum and the dermis (a). At higher magnification, the interrupted PKP3 localization along cell--cell contacts is visible (b). The epidermal cells of the hair root also express PKP3 (c); no signal can be detected in the negative control sections, in which the primary antibody was omitted (d). PKP3 is expressed in simple colon epithelium (e); no signal is observed in the negative control sections (f). SC, stratum corneum; E, epidermis; D, dermis. Bars: 20 μm (a and c--e), 10 μm (b), and 100 μm (f).](200303036f2){#fig2}

The head and arm domains of PKP3 localize preferentially in the cytoplasm and nucleus, respectively
---------------------------------------------------------------------------------------------------

To study the intracellular distribution of full-length PKP3 and fragments thereof, transfection of PKP3 expression constructs was performed in HCT8/E8, MCF7/AZ, COS1, and PtK2 cells, yielding consistent data. A schematic overview of the protein fragments encoded by the different constructs is shown in [Fig. 3](#fig3){ref-type="fig"} . In HCT8/E8 cells, full-length human PKP3 tagged with GFP displays an intracellular distribution similar to endogenous PKP3 detected by mAbs, i.e., a clear-cut localization in desmosomes, weaker in the cytoplasm, and absent from the cell nucleus ([Fig. 4](#fig4){ref-type="fig"} a). Exogenous PKP3 colocalizes with endogenous DP in desmosomes ([Fig. 4, b and c](#fig4){ref-type="fig"}). Larger magnifications emphasize the punctate (co)localization of these proteins along cell--cell contacts of transfected cells ([Fig. 4](#fig4){ref-type="fig"}, a′--c′). GFP-tagged PKP3ΔHR2 protein displays a localization very similar to full-length PKP3 ([Fig. 4](#fig4){ref-type="fig"} d). The HR2 domain is the only conserved sequence stretch in the head domain of PKPs ([@bib5]). The intense accumulation in desmosomes of this mutated protein overlaps with endogenous DP ([Fig. 4, e and f](#fig4){ref-type="fig"}). Larger magnifications clearly display the punctate (co) localization along cell--cell contacts of transfected cells ([Fig. 4, d](#fig4){ref-type="fig"}′--f\'′ and d′′--f\'′′). In contrast, the GFP-tagged PKP3arm fragment localizes in the cell nucleus, whereas only a faint localization is observed at cell--cell contacts ([Fig. 4](#fig4){ref-type="fig"} g); DP detection in the same cell field is shown in [Fig. 4](#fig4){ref-type="fig"} h. The GFP-tagged PKP3head domain is often observed as discrete aggregates in the cytoplasm and localizes only weakly in cell--cell contacts ([Fig. 4](#fig4){ref-type="fig"} i); control detection of DP in the same field is shown in [Fig. 4](#fig4){ref-type="fig"} j. In MCF7/AZ cells, a similar distribution of the GFP-PKP3head domain is observed ([Fig. 4](#fig4){ref-type="fig"} k); detection of endogenous PKP3 in the same field using mAb 23E3/4 is shown in [Fig. 4](#fig4){ref-type="fig"} l. In MCF7/AZ cells, cell--cell contacts are often less pronounced compared with HCT8/E8 cells, and endogenous PKP3 was sometimes found to colocalize with GFP-PKP3head aggregates ([Fig. 4, k and l](#fig4){ref-type="fig"}). Finally, exogenous PKP3headΔHR2 displayed an intracellular localization pattern like PKP3head (unpublished data).

![**PKP3 fragments encoded by the eukaryotic expression and two-hybrid constructs used.** All PKP3 constructs contain human PKP3 cDNA or fragments thereof. GFP and myc tags are located at the carboxy-terminal ends of the proteins. The PKP HR2 domain (PKPHR2) comprises the only conserved region in the head domains of PKPs-1 to -3. ORF, open reading frame.](200303036f3){#fig3}

![**Intracellular localization of exogenous GFP-tagged PKP3 and fragments thereof in HCT8/E8 and MCF7/AZ cells.** In HCT8/E8 cells, full-length GFP-tagged PKP3 localizes predominantly in desmosomes and to a lesser extent in the cytoplasm (a). PKP3GFP and DP (b) overlap in desmosomes of transfected cells (c). The punctate localization of these proteins along cell--cell contacts is clear from the larger magnifications (a′--c′) of the fields indicated by arrowheads in pictures a--c. GFP-tagged PKP3ΔHR2 displays a similar intracellular localization as the full-length PKP3 (d), and colocalizes with DP (e) in desmosomes of transfected cells (f). The punctate localization of these proteins along cell--cell contacts is obvious from the larger magnifications (d′--f′) of the fields indicated by arrowheads in pictures d--f. As is clear from images d′′--f′′ (fields indicated by arrows in pictures d--f), GFP-tagged PKP3 overlaps only half of the DP signal if transfected cells contact untransfected cells. PKP3arm GFP accumulates to high levels in the cell nucleus, but almost not at all at cell--cell contacts (g); control immunodetection of DP in the same cell field (h). GFP-tagged PKP3head protein accumulates as discrete cytoplasmic aggregates, in addition to a more diffuse cytoplasmic localization and less intense accumulation at cell--cell contacts (i); control detection of DP in the same field (j). GFP-tagged PKP3head is observed in a similar pattern in MCF7/AZ cells (k); endogenous PKP3 is detected using antibody 23E3/4 (l). Arrowheads, occasional endogenous PKP3 localization in PKP3headGFP aggregates; arrows, colocalization of exogenous fusion protein and endogenous PKP3 at sites of cell--cell contact. The marked regions are enlarged in the insets. Bars: 10 μm (a--j) and 20 μm (k and l).](200303036f4){#fig4}

Because COS cells were used in previous studies on PKP1 and PKP2 protein properties ([@bib29]; [@bib9]), transfection experiments were repeated in this cell type. As shown in [Fig. 5](#fig5){ref-type="fig"} , the intracellular localizations of full-length PKP3 (a and b), PKP3arm (c and d) and PKP3head (e and f) correspond with our observations made in MCF7/AZ, HCT8/E8 and PtK2 cells (unpublished observations in the latter cell type).

![**Intracellular localization of exogenous GFP-tagged PKP3 fragments in COS1 cells.** Full-length PKP3 localizes at sites of cell--cell contact, and cytoplasmic aggregates are also observed (a). PKP3arm and head fragments localize predominantly in nucleus (c) and cytoplasm (e), respectively. Control DAPI stainings are shown (b, d, and f). Bar, 10 μm.](200303036f5){#fig5}

Exogenous PKP3head fragment binds DP and CK18 proteins; DP is recruited to cell borders by PKP3
-----------------------------------------------------------------------------------------------

MCF7/AZ, HCT8/E8, and COS cells were transfected with constructs encoding GFP-tagged PKP3 or fragments thereof and then subjected to immunofluorescence detection of desmosome-related proteins. PKP3head localized in MCF7/AZ cells as described in the previous paragraph (illustrated in [Fig. 6](#fig6){ref-type="fig"} a). Immunodetection revealed DP not only to be present at sites of cell--cell contacts in MCF7/AZ cells, but also in cytoplasmic aggregates ([Fig. 6](#fig6){ref-type="fig"} b), where it colocalizes with PKP3head ([Fig. 6](#fig6){ref-type="fig"} c). This observation was more clear in MCF7/AZ cells than in HCT8/E8 cells (compare with [Fig. 4, i and j](#fig4){ref-type="fig"}). DP did not colocalize with GFP-tagged PKP3headΔHR2 in aggregates, as it was only detected in desmosomal cell--cell contacts ([Fig. 6](#fig6){ref-type="fig"}, d--f). This observation suggests that the HR2 domain is involved in PKP3 binding to DP. In contrast, CK18 is observed in aggregates containing either GFP-tagged PKP3head (unpublished data) or GFP-tagged PKP3headΔHR2 protein ([Fig. 6](#fig6){ref-type="fig"}, g--i), suggesting that the head domain of PKP3 (but not the HR2 domain) is involved in CK18 interaction. Apparently, oversynthesis of these head fragments results in disturbance of the keratin filament network. Both DP and CK18 bind the PKP3head domain in yeast two-hybrid experiments (see following paragraph). Other desmosomal proteins, like Dsg2 and PKP2, were not found to colocalize in PKP3head aggregates (unpublished data). Similar results were obtained using COS1 cells in transfection experiments, as exemplified by the association of CK18 with PKP3headGFP in COS1 cells ([Fig. 6](#fig6){ref-type="fig"}, j--l).

![**Localization of desmosome-related proteins in various transfected cells.** GFP- and FLAG-tagged proteins wre expressed in MCF7/AZ (a--f), HCT8/E8 (g--i), COS1 (j--l), and COS7 (m--o) cells. PKP3head (a and j) and PKP3headΔHR2 (d and g) easily accumulate as discrete cytoplasmic aggregates (arrows in a and g). Endogenous DP (b) localizes to cell--cell contacts (arrowheads) and aggregates (arrows). There is clear colocalization with GFP-tagged PKP3head in these aggregates (c). Insets represent larger magnifications of the areas indicated with arrows. In contrast, GFP-tagged PKP3headΔHR2 (d) and DP (e) do not colocalize (f), whereas GFP-tagged PKP3ΔHR2 (g) and CK18 (h) still localize together in aggregates (i), as indicated by arrows (also see insets, representing larger magnifications). The same observation is made for PKP3head in COS1 cells (j--l). Oversynthesis of PKP3headΔHR2 or PKP3head results in disturbance of the keratin intermediate filament network as revealed by the anti-CK18 antibody (h and k). Single transfection of a DP.FLAG construct in COS7 results in decoration of the keratin network and a punctate localization along cell--cell contacts of the exogenous DP.FLAG protein (m). In DP.FLAG and PKP3GFP cotransfected cells, the DP.FLAG localization along cell contacts is more continuous (n), and DP.FLAG and PKP3GFP colocalize in these structures (o). Bars: 20 μm (a--c, m) and 10 μm (d--l, n--o).](200303036f6){#fig6}

Previously, it has been shown that both PKP1 and PKP2 are able to recruit DP to cell--cell contacts in experiments with COS cells ([@bib29]; [@bib9]). In similar experiments using DP.FLAG- and PKP3GFP-encoding plasmids, we could also observe such colocalization at cell--cell contacts. In single transfection experiments, DP.FLAG is found mainly along intermediate filaments, but is also detectable in a punctate pattern along cell--cell contacts ([Fig. 6](#fig6){ref-type="fig"} m). In cotransfection experiments, DP.FLAG localized more continuously along cell--cell contacts ([Fig. 6](#fig6){ref-type="fig"} n) where it colocalized with PKP3GFP ([Fig. 6](#fig6){ref-type="fig"} o). All three PKPs can apparently recruit DP to cell--cell contacts, although this is probably not the main function of PKP3 (see Discussion).

PKP3 interacts with a majority of desmosomal cadherins in the yeast two-hybrid system
-------------------------------------------------------------------------------------

Direct interactions between PKP3 and desmosomal cadherins were investigated by yeast two-hybrid analysis. The PKP3 protein fragments used are depicted in [Fig. 3](#fig3){ref-type="fig"}. Results are shown in [Fig. 7](#fig7){ref-type="fig"} and summarized in [Table I](#tbl1){ref-type="table"}. Full-length PKP3 interacts with all three Dsgs ([Fig. 7](#fig7){ref-type="fig"} a). Using deletion constructs, the Dsg1-binding site was confined to the head domain of PKP3, whereas the binding site of Dsg2 and Dsg3 apparently encompass (parts of) both the head and arm domain of PKP3 ([Table I](#tbl1){ref-type="table"}). Deletion of the HR2 domain had no effect on PKP3 binding with Dsgs ([Table I](#tbl1){ref-type="table"}). Also, binding of PKP3 with Dsc1a, Dsc2a, and Dsc3a was observed ([Fig. 7](#fig7){ref-type="fig"} a). Interaction of full-length PKP3 with Dsc1b and Dsc2b remained unclear (colonies grew slower and turned only light blue), whereas the PKP3 interaction with Dsc3b was seemingly weaker than its interactions with Dsc-a forms. Nonetheless, the PKP3--Dsc3a interaction observed was not completely convincing because all PKP3 deletion constructs cotransformed with Dsc3a interacted with this desmosomal cadherin, for which we have no explanation ([Table I](#tbl1){ref-type="table"}). Both arm and head domains of PKP3 were necessary for interaction with Dscs, but deletion of the HR2 domain did not influence the interaction with Dscs ([Table I](#tbl1){ref-type="table"}). Using deletion constructs of the Dsg1 cytoplasmic domain in the bait plasmid pGADT7, we found two separate PKP3 interaction sites. Although the intracellular anchoring domain (IA) and catenin-binding segment (CBS) domains alone did not interact with PKP3, combination of both did ([Fig. 7](#fig7){ref-type="fig"} b). On the other hand, interaction was also observed with the Dsg domain of Dsg1, i.e., the desmoglein-specific domain composed of a proline-rich linker segment, a repeat unit domain, and a terminal domain ([@bib18]; see [Fig. 11](#fig11){ref-type="fig"}), implying the presence of two physically separable PKP3 interaction sites in the Dsg1 cytoplasmic domain ([Fig. 7](#fig7){ref-type="fig"} b). The presence of two independent interaction sites was also observed with constructs of Dsg2 in pGADT7, as we found that both aa domains 583--721 and 882--1069 interact with full-length PKP3 ([Fig. 7](#fig7){ref-type="fig"} b). As controls, all PKP3 constructs were cotransformed with several constructs including one encoding the mouse E-cadherin cytoplasmic tail, whereas desmosomal cadherin constructs were cotransformed with human p120ctn isoform 3AC. None of these cotransformed yeast clones grew on interaction-selective medium, whereas E-cadherin interacted with p120ctn ([Fig. 7](#fig7){ref-type="fig"} a; [Table I](#tbl1){ref-type="table"}). Absence of growth of yeast clones was also observed when PKP3 bait plasmids were cotransformed with empty prey vectors, and when empty bait plasmids were cotransformed with prey constructs encoding desmosomal cadherins ([Table I](#tbl1){ref-type="table"}).

![**Yeast two-hybrid results using PKP3 and fragments thereof as baits.** Two colonies are shown for each cotransformation, including negative controls. SD-LWHA is the medium indicative of protein interactions, as it is supplemented with Xα-gal, whereas SD-LW is indicative of successful cotransformation of bait and prey plasmids. (a) Full-length PKP3 interacts with Dsg1, Dsg2, Dsg3, Dsc1a, Dsc2a, and Dsc3a. Interaction with Dsc1b and Dsc2b is unclear, whereas PKP3 interaction with Dsc3b seems to be less strong than its interaction with Dsc-a proteins. No interaction is observed between desmosomal cadherins and p120ctn. Pg also interacts with PKP3 but not with protocadherin-β15 (pcdβ15). No interaction is observed between PKP3 and E-cadherin (E-cad), whereas E-cadherin and p120ctn clearly interact. (b) Defining the PKP3 interaction sites within the Dsg1 (aa 519--1000) and Dsg2 (aa 583--1069) cytoplasmic domains. Non-interacting Dsg1 protein fragments are indicated by broken lines. Separate IA and CBS domains do not interact with PKP3, and neither does a construct containing aa 593--789 of Dsg1 (i.e., the CBS domain plus part of the Dsg domain). Together, the IA and CBS domains interact with PKP3. The Dsg domain alone is also sufficient for interaction with PKP3. As such, two independent PKP3-interacting domains can be identified in the Dsg1 cytoplasmic domain. In the case of Dsg2, again two separate PKP3 interaction sites can be detected, i.e., aa 583--721 and aa 882--1069. IA, intracellular anchor; CBS, catenin-binding segment; Dsg, desmoglein-specific domain; C, carboxy terminus. (c) Full-length PKP3 and PKP3head, but not PKP3arm, interact with both DPNTP and DPNTPmut. PKP3ΔHR2 and PKP3headΔHR2 bind to DPNTP, but not to DPNTPmut. Only PKP3arm does not interact with CK18. None of the PKP3 constructs interacted with E-cadherin in the yeast two-hybrid system.](200303036f7){#fig7}

###### Interactions between human PKP3 and fragments thereof with other desmosomal proteins as observed in the yeast two-hybrid system

  Bait**→**Prey**↓**   PKP3   PKP3arm   PKP3head   PKP3ΔHR2   PKP3headΔHR2   p120ctn 3AC   Empty bait
  -------------------- ------ --------- ---------- ---------- -------------- ------------- ------------
  Dsg1                 \+     −         \+         \+         \+             −             −
  Dsg2                 \+     −         −          \+         −              −             −
  Dsg3                 \+     −         −          \+         −              −             −
  Dsc1a                \+     −         −          \+         −              −             −
  Dsc1b                ±      −         −          ±          −              −             −
  Dsc2a                \+     −         −          \+         −              −             −
  Dsc2b                ±      −         −          ±          −              −             −
  Dsc3a                \+     \+        \+         \+         \+             −             −
  Dsc3b                \+     −         −          ±          −              −             −
  Pg                   \+     −         −          \+         −              ND            −
  DPNTP                \+     −         \+         \+         \+             ND            −
  DPNTPmut             \+     −         \+         −          −              ND            −
  CK18                 \+     −         \+         \+         \+             ND            −
  mEcad                −      −         −          −          −              \+            −
  Empty prey           −      −         −          −          −              −             −

+, growth and blue staining of cotransformed yeast colonies on medium selective for interaction; −, no growth of cotransformed yeast colonies on medium selective for interaction; ±, severe reduction in both growth and blue staining of cotransformed yeast colonies on medium selective for interaction.

PKP3 interacts with Pg, DP, and CK18 proteins in the yeast two-hybrid system
----------------------------------------------------------------------------

Interaction between the armadillo proteins PKP3 and Pg was clearly observed in the yeast two-hybrid system ([Fig. 7](#fig7){ref-type="fig"} a). Like PKP1 and PKP2 ([@bib29]; [@bib9]), PKP3 also interacts with a DP head domain of 584 aa (desmoplakin amino-terminal fragment, DPNTP; [Fig. 7](#fig7){ref-type="fig"} c). This DPNTP fragment binds the head domain of PKP3, and deletion of this head domain (PKP3arm) abrogates interaction with DPNTP. Using a truncated version of DPNTP, encoding only 63 aa of the DP head domain (mutated desmoplakin amino-terminal fragment, DPNTPmut), we found that deletion of the HR2 domain of PKP3 completely abolished binding with this DPNTPmut, though this was not the case for interaction with DPNTP ([Fig. 7](#fig7){ref-type="fig"} c). The same observation was made when the PKP3headΔHR2 construct was used. Double missense mutation of the HR2 domain (P23A, R45A) resulted in a weaker interaction with DPNTPmut, but not in complete inhibition (unpublished data). These results indicate that the PKP3head domain has at least two DP binding sites interacting with at least two different sites in the DP head domain. Finally, an interaction was observed with epithelial CK18 that binds the nonarmadillo head domain of PKP3 ([Fig. 7](#fig7){ref-type="fig"} c).

PKP3 coimmunoprecipitates Dsg1 to -3, Dsc3a and -b, DP, and Pg
--------------------------------------------------------------

To confirm the interactions observed in the yeast two-hybrid system, coimmunoprecipitation (CoIP) experiments were performed upon cotransfection of the relevant expression plasmids in HEK293T fibroblasts. These cells have no functional desmosomes and their endogenous protein levels of desmosomal components, such as Dsg2, PKP3, DP, and Pg, are very low or nil (unpublished data). We noticed that the full-length PKP3 protein sticks nonspecifically to protein G Sepharose beads, and because more stringent washings did not significantly reduce this binding, CoIP experiments were performed in one direction only. The PKP3 protein was immunoprecipitated using mAb 23E3/4, whereas all other proteins were myc-tagged. Incompletely reduced primary mouse antibody was sometimes detected in CoIP samples ([Fig. 8](#fig8){ref-type="fig"} a, star). Full-length PKP3 protein precipitates the desmosomal cadherins Dsg1, Dsg2, Dsg3, Dsc3b ([Fig. 8](#fig8){ref-type="fig"} a), and Dsc3a ([Fig. 8](#fig8){ref-type="fig"} c). In parallel, lysates were incubated with protein G Sepharose beads only, and no signal could be observed in these samples ([Fig. 8](#fig8){ref-type="fig"}, a and c). Using Dsc3b deletion constructs (depicted in [Fig. 8](#fig8){ref-type="fig"} d), the PKP3 interaction site was confined to the membrane-proximal domain of Dsc3b ([Fig. 8](#fig8){ref-type="fig"} c, left). Control detection of proteins in total lysates is shown in [Fig. 8](#fig8){ref-type="fig"} (b and c). In a similar experiment, we tried to CoIP Dsc1a and Dsc2a with full-length PKP3. Unfortunately, no detectable levels of Dsc protein could be observed in cell lysates of appropriately cotransfected HEK293T cells (unpublished data). Finally, we found that full-length PKP3 immunoprecipitates the desmosomal plaque proteins DP and Pg ([Fig. 8](#fig8){ref-type="fig"} a). Again, no signal is observed in the negative control lanes ([Fig. 8](#fig8){ref-type="fig"} a). As such, these results confirm our data obtained using the yeast two-hybrid system.

![**CoIP experiments using lysates of HEK293T cells cotransfected with plasmids of interest.** A plasmid encoding full-length PKP3 (p1744) was cotransfected with plasmids encoding Dsg1-myc, Dsg2-myc, Dsg3-myc, Dsc3a-myc, Dsc3b-myc, Dsc3bΔcyto1-myc, Dsc3bΔcyto2-myc, DP-myc, or Pg-myc fusion proteins. (a) Using anti-PKP3 mAb 23E3/4, myc-tagged Dsg1, Dsg2, Dsg3, Dsc3b, DP, and Pg proteins (arrows) were coimmunoprecipitated with PKP3 (+ lanes). The nature of the Dsc3b doublet is unclear, but might represent incompletely processed protein in addition to mature protein. In the negative control lanes (lysates incubated with protein G Sepharose in the absence of mAb 23E3/4), no signal could be detected (− lanes). Incompletely reduced primary antibody was often detected (star). Identical exposure times were used for each set of +/− lanes. (b) Control Western blot detection of total cell lysates: Dsg1 (165 kD), Dsg2 (160 kD), Dsg3 (135 kD), Dsc3b (99 kD), DP (250 kD, arrow), and Pg (82 kD) in the left panel; PKP3 (87 kD) in the right panel. Mol wt markers (in kD) are indicated. (c) Using anti-PKP3 mAb 23E3/4, myc-tagged Dsc3b, two COOH-terminally truncated derivatives of Dsc3b and Dsc3a were coimmunoprecipitated with PKP3 (+ lanes in left panel). In the negative control lanes (lysates incubated with protein G Sepharose in the absence of mAb 23E3/4), no signal could be detected (− lanes in left panel). Expression of each of these fusion proteins was detected by Western blotting (right), using anti-Myc and anti-PKP3 antibodies. (d) Schematic representation of the cytoplasmic domains of mouse (Mm) Dsc3a, Dsc3b, and Dsc3b truncation mutants used in the CoIP experiments of (C). Dashed lines indicate isoform-specific domains. The fragment containing aa 578--696 is shared by Dsc3a and Dsc3b. Dsc3bΔcyto1 and Dsc3bΔcyto2 encompass, respectively, 36 and 77 membrane-proximal aa of both Dsc3a and -b.](200303036f8){#fig8}

PKP3 colocalizes in vitro with Dsc1a and Dsc2a
----------------------------------------------

In vitro colocalization between PKP3 and Dscs was observed in cotransfection experiments. PKP3 was expressed as a fusion protein in-frame with a GFP tag, whereas Dsc proteins contained a myc tag. GFP-tagged PKP3 colocalized with exogenous Dsc1a ([Fig. 9](#fig9){ref-type="fig"} , a--c) and Dsc2a ([Fig. 9](#fig9){ref-type="fig"}, d--f) at cell--cell contacts in cotransfected HEK293T cells. These results provide further evidence for direct in vivo interactions between PKP3 and Dscs.

![**Colocalization of GFP-tagged PKP3 and myc-tagged Dsc1a and Dsc2a in cotransfected HEK293T cells.** Exogenous GFP-tagged PKP3 colocalizes with Dsc1a and Dsc2a at cell--cell contacts (a vs. b and d vs. e, arrows). Control DAPI stainings are shown (c and f). Bar, 30 μm (a--f).](200303036f9){#fig9}

Discussion
==========

Desmosomes are cell--cell adhesion structures that are especially important in tissues that are subject to mechanical stress, for example the skin ([@bib32]). Desmosomal plaque molecules include the PKPs, which display a differential expression pattern. Here, we report on desmosomal interactions of PKP3, of which the epithelial expression pattern overlaps that of both PKP1 and PKP2 ([@bib5]; [@bib45]).

PKP3 is generally expressed in single- and multilayered epithelia and overlaps the more restricted expression patterns of desmosomal cadherins, PKP1 and PKP2
-------------------------------------------------------------------------------------------------------------------------------------------------------------

Using novel mouse mAbs, we investigated the protein synthesis pattern of PKP3 in vitro and in vivo. In immunofluorescence detection assays using epithelial cell lines, PKP3 was clearly detected in desmosomes. However, no nuclear PKP3 could be detected in these cell lines, in contrast to earlier observations recorded with a rabbit polyclonal anti-PKP3 antibody, and despite the fact that mAb 12B11F8 was generated against the same peptide as the pAb ([@bib5]). Neither was nuclear PKP3 detected in cells synthesizing exogenous full-length PKP3. Altogether, these data indicate that the previously reported nuclear PKP3 localization might be exceptional or even artificial.

Using mAb 23E3/4, PKP3 synthesis was observed in the desmosomes of all living cell layers of the human epidermis, whereas no PKP3 was found in the stratum corneum and dermis. In addition, PKP3 was also detected in simple colon epithelium. These results confirm and strengthen previous expression data on PKP3 in various epithelia and epithelial cell lines ([@bib5]; [@bib45]). Although the expression patterns of desmosomal cadherins and of PKP1 and PKP2 reflect a tight regulation in function of cell type and differentiation state ([@bib23], [@bib24]; [@bib19]; [@bib34]; [@bib39]), the PKP3 expression pattern, like the situation of Pg and DP, seems to indicate a basic role for PKP3 in epithelial and epidermal desmosomes with the exception of liver desmosomes ([@bib45]). The functional consequence of the lacking PKP3 expression in hepatocytes is so far unclear, but considering the multiple interaction partners of PKP3, it is feasible that cell adhesive structures in the liver are quite different from the model we propose in the Discussion section below (see [Fig. 11](#fig11){ref-type="fig"}).

Intracellular localization of PKP3 protein fragments
----------------------------------------------------

To study the function and intracellular localization of PKP3 and fragments thereof, various epithelial cell lines were transfected with appropriate expression plasmids. Full-length PKP3 was clearly observed in desmosomal cell--cell adhesion complexes. In contrast, the GFP-tagged PKP3arm fragment accumulates to high levels in the cell nucleus. It is presently unclear which sequences from the PKP3arm fragment direct its nuclear localization, and how this is counteracted in the full-length protein. It has been reported earlier that the arm domain of β-catenin is sufficient to direct its nuclear localization and function ([@bib12]; [@bib11]). On the other hand, an as yet unidentified nuclear export signal might be present in the PKP3head domain because this fragment remains mainly localized in (aggregates in) the cytoplasm, without any localization in the nucleus and also without prominent localization along cell--cell contacts. These results obtained with PKP3head and PKP3arm fragments are in obvious contrast with earlier reports on the intracellular localization of head and arm fragments from PKP1 and PKP2, of which the head domains preferentially localize in both the desmosomes and the nucleus, whereas the corresponding arm domains are dispersed throughout the cytoplasm ([@bib25]; [@bib29]; [@bib18]; [@bib9]).

Aggregates of exogenous PKP3head fragments were shown to contain desmosome-associated molecules, such as DP and CK18, and sometimes endogenous PKP3, but not PKP2 or Dsg2. It is unlikely that the endogenous PKP3 found in these aggregates has been replaced in desmosomes by the DP-binding PKP3head domain. Indeed, only little PKP3head is detected in desmosomes, whereas PKP3 can still be readily detected in these junctions. Hypothetically, endogenous PKP3 might be forced in these aggregates by interaction with PKP3head-bound DP. Although a second DP interaction site in the PKP3headΔHR2 protein was observed in yeast two-hybrid experiments, only CK18 (but not DP) was found to localize in PKP3headΔHR2 aggregates. This might reflect the presence of more stringent DP interaction partners in desmosomes, and indicates also that the HR2 domain is involved in strong binding of PKP3 to DP. On the other hand, we could show that in DP and PKP3 cotransfections of COS cells, PKP3 is able to recruit DP to sites of cell--cell contact. COS cells contain only few, very small desmosomes. However, it appears that in cell types containing many and larger desmosomes this PKP3 function is less prominent.

The observations made in our transfection studies emphasize the different behavior of PKP3 compared with PKP1 and PKP2. Nuclear PKP3 could not be detected in contrast to PKP1 and PKP2 ([@bib34]; [@bib44]). The subcellular distributions of PKP3head and arm fragments are very different from those of the corresponding PKP1 and PKP2 domains ([@bib29]; [@bib9]). Unlike PKP1head and PKP2head, PKP3head does not colocalize with DP in desmosomes, although PKP3 recruits DP to cell--cell contacts in COS cells. As such, it appears that both head and arm domains of PKP3 are necessary for genuine desmosomal anchoring. Interaction with desmosomal cadherins and/or Pg, for which both head and arm domains of PKP3 are necessary on the basis of yeast two-hybrid data ([Table I](#tbl1){ref-type="table"}), is apparently imperative for desmosomal localization of PKP3 in epithelial cells.

PKP3 interacts with a majority of desmosomal proteins and, as such, may act as an essential scaffold
----------------------------------------------------------------------------------------------------

By use of the yeast two-hybrid system, we analyzed direct desmosomal PKP3 interactions and observed clear-cut PKP3 interactions with all desmosomal cadherins but Dsc1b and Dsc2b. The PKP3 protein domain that interacts with Dsg1 was confined to the nonarmadillo head domain of the protein, as has also been reported for the Dsg1--PKP1 and Dsg1--PKP2 interactions ([@bib47]; [@bib29]; [@bib18]; [@bib9]). The exact sequence of the PKP3head domain responsible for this interaction is still unknown. For PKP1, it has been reported that aa 70--213, residing in the head domain of PKP1, are sufficient to interact with Dsg1 ([@bib18]). Removal of the single conserved sequence stretch in the PKP head domains, i.e., the HR2 domain involved in DP binding, had no effect on Dsg1 binding in the yeast two-hybrid system. In contrast, several conserved sequence stretches can be observed in the head domains of the human, mouse, rat, and *Xenopus laevis* PKP3 orthologues, which might include PKP3-specific Dsg1 interaction sites ([Fig. 10](#fig10){ref-type="fig"}) . Using Dsg1 deletion constructs, we found two physically separable PKP3 interaction sites (namely the IA+CBS and the Dsg domain), whereas PKP1 was previously reported to bind the CBS+Dsg domain ([@bib18]). Hence, it appears that PKP1 and PKP3 head domains bind different regions of the Dsg1 intracellular domain. Also in the Dsg2 tail, two separable PKP3 interaction sites were identified by us. The PKP3 interactions observed in the yeast two-hybrid system were confirmed, where possible, in CoIP and colocalization experiments. These experiments further strengthened the evidence for a direct interaction between PKP3, and Dsg1 to -3, Dsc1a, Dsc2a, Dsc3a, and Dsc3b. Although it was less clear from yeast two-hybrid experiments whether PKP3 and Dsc3a or Dsc3b interact, strong evidence for such interactions was provided by CoIP experiments. Moreover, the PKP3 binding site in the Dsc3a/Dsc3b cytoplasmic tails could be narrowed down to 36 membrane-proximal aa. As such, PKP3 is the first protein interaction partner of a Dsc-b isoform ever identified.

![**Clustal W alignment of the PKP3 protein orthologues from man (hsPKP3), mouse (mmPKP3), rat (rnPKP3), and *X. laevis* (xlPKP3) shaded using the BOXSHADE server (<http://www.ch.embnet.org>).** Only those aa are shaded that are identical (black) or similar (gray) in each of the sequences. The HR2 domain is indicated by the top line, and the start of the arm domains is indicated by an arrow. The general sequence conservation in the arm domains is striking compared with the situation in the head domains, where only short sequence stretches are conserved. Database accession nos. are: AF053719 (hsPKP3), AF136719 (mmPKP3), and AX046097 (xlPKP3). The rat PKP3 protein sequence was predicted on the basis of the genomic sequences identified by BLAT search at <http://genome.ucsc.edu/goldenPath> (UCSC Rat Genome Project, November 2002 release).](200303036f10){#fig10}

In conclusion, the PKP3 interaction pattern with desmosomal cadherins is obviously different from those reported for PKP1 and PKP2 ([@bib47]; [@bib18]; [@bib9]). A model displaying the different PKP3 interactions in the desmosomal plaque is depicted in [Fig. 11](#fig11){ref-type="fig"} . The occurrence of PKP3 interactions with many desmosomal cadherins is consistent with the observed in vivo expression pattern of PKP3 that overlaps the differentiation-dependent expression of all desmosomal cadherins. Furthermore, like PKP1, PKP3 was reported to be present in the desmosomal plaque close to the cell membrane where it physically overlaps with all desmosomal cadherin tails ([@bib40]; [@bib45]). Together, these data further support the possibility of many PKP3--desmosomal cadherin interactions in vivo ([Fig. 11](#fig11){ref-type="fig"}).

![**Desmosome model showing interactions between selected molecular components of simple and stratified epithelia (modified after [@bib37]).** (a) Some representative desmosomal proteins are depicted. CBS, catenin-binding segment; CK, cytokeratin; EC, ectodomain module; IA, intracellular anchor domain; MPED, membrane-proximal extracellular domain; N, amino-terminal domain; PL, proline-rich linker; PM, plasma membrane; RUD, repeat unit domain; TD, terminal domain. In the present work, the combination (PL-RUDs-TD) was designated Dsg domain ([@bib18]). (b) The localizations in simple epithelia of PKP1, PKP2, and PKP3 as compared with Pg are mainly based on observations made by others ([@bib34]; [@bib40]; [@bib45]). DP occurs as two splice variants, DPI and the shorter DPII that is expressed in epithelia, but not in heart ([@bib30]). The stoichiometry of the interactions between desmosomal plaque molecules is unclear. For the Pg--Dsg1 interaction, ratios \>1:1 have been reported ([@bib2]). It is also unclear which and how many proteins can bind at the same time to a single PKP protein. Here, we have shown that at least the PKP3 head domain contains two DP interaction sites. (c) The location and multimolecular interactions of PKP1 in stratified epithelia are adapted from a model proposed by [@bib29]. According to immunoelectron localization studies, the carboxy-termini of DPI and DPII are localized at the same distance from the cell membrane that is not reflected here. In epidermis, PKP1, Dsc1, and Dsg1 are enriched in the superficial layers, whereas Dsg3, Dsc3, and PKP2 are concentrated in the basal layers. PKP3 is expressed throughout all living cell layers of the epidermis ([Fig. 2](#fig2){ref-type="fig"}).](200303036f11){#fig11}

In the yeast two-hybrid system, we also found an interaction between PKP3 and the plaque molecule Pg (depicted in [Fig. 11](#fig11){ref-type="fig"}), which was confirmed in CoIP experiments. As such, both PKP2 and PKP3 appear to interact with Pg, whereas PKP1 does not ([@bib20]; [@bib9]). In addition, we found the head domain of PKP3 interacting with both CK18 and DP, and this latter observation was also confirmed in CoIP experiments. Both PKP1 and PKP2 have been reported to establish interactions with CK18 and DP ([@bib47]; [@bib29]; [@bib18]; [@bib20]; [@bib9]). It has been unclear for quite some time whether PKPs can interact in vivo with keratin filaments, as they are localized in the outer dense plaque and seem to be inaccessible to keratin filaments. Recently, it has been reported that transfection of the DP head domain in DP-null keratinocytes restores not only cellular adhesion, but also partial keratin association with desmosomes ([@bib48]). Because the DP head mutant lacks the intermediate filament interaction site, this effect is hypothesized to be mediated by PKPs, which bind the DP head protein and become optimally positioned to interact with intermediate filaments ([@bib48]). Moreover, a recessive DP mutation was reported, resulting in dilated cardiomyopathy, woolly hair and keratoderma ([@bib38]). This mutant DP lacks the C subdomain of the carboxy-terminal domain responsible for interaction with intermediate filaments; in suprabasal keratinocytes of patients carrying this mutation, keratin filaments are indeed found to be perinuclear. However, such patients develop quite normally and in basal keratinocytes, desmosomal anchoring of intermediate filaments is observed. It is tempting to speculate that this cytokeratin anchoring is mediated by PKPs, but with lower efficiency because intermediate filament networks collapse when cells are stressed ([@bib38]).

Upon use of DPNTPmut, encoding only the first 63 aa of the DP head domain, as a two-hybrid prey, we observed that binding of PKP3ΔHR2 protein to this DP fragment was completely abolished, although the same PKP3ΔHR2 protein could still bind to the larger DPNTP protein. Deletion of the HR2 domain of PKP3 had no effect on any other interaction observed in the yeast two-hybrid system. On the other hand, deletion of the HR2 domain abolished interaction with DP in cytoplasmic aggregates in transfected cells. Together, these data indicate that the HR2 domain of PKPs is involved in interaction with a site located in the first 63 aa of the DP head domain ([Fig. 11](#fig11){ref-type="fig"}). Previously, it was shown that the first 86 aa of DP are sufficient to direct desmosomal localization of this protein fragment, whereas for PKP1, aa 1--70 are essential to interact with DP ([@bib47]; [@bib18]). Interestingly, at least one additional DP-binding site is present more carboxy-terminally in the head domain of PKP3, interacting with an unidentified region between aa 64--584 of DP. Apparently, at least in the yeast two-hybrid system, the presence of only one DP--PKP3 interaction site is sufficient to establish an interaction. Nevertheless, the presence of more than one DP binding site in the head domain of PKPs would support a model for increasing desmosome size in the upper layers of complex epithelia through a mechanism of lateral DP--PKP interactions ([@bib29]; [@bib15]; [@bib6]; [Fig. 11](#fig11){ref-type="fig"} c). Consequently, more DP and PKP molecules would be available for intermediate filament anchoring, conferring robust cell--cell adhesion to keratinocytes. Because the HR2 domain is the only region conserved in the head domains of all three known PKPs ([@bib5]; [@bib45]), it may serve as a general DP interaction site for PKPs. The molecular binding mechanism of the other DP interaction(s), on the other hand, is likely to differ between PKPs, mirroring distinct PKP roles in desmosomes and desmosomal interactions. Protein sequence alignments of the human, mouse, rat, and *X. laevis* orthologues of PKP3 reveal several strikingly conserved sequence stretches in the head domains besides the HR2 domain ([Fig. 10](#fig10){ref-type="fig"}), which might represent additional DP binding sites. Such a second PKP3 interaction site, as evidenced for PKP3 interactions with DP, Dsg1, or Dsg2, might not be sufficient on its own to achieve PKP3 binding, but rather act as an accessory interaction site to strengthen PKP3 binding under certain conditions or to modulate the interaction with other desmosomal proteins ([@bib6]). This would explain why no DP is found in PKP3ΔHR2GFP aggregates.

Altogether, we have shown that the desmosomal plaque protein PKP3 is a generally expressed epithelial and epidermal PKP, unlike PKP1 or PKP2. PKP3 was shown to interact with most of the principal desmosomal components, including Dsc3b. This is the first interaction partner ever observed for a Dsc-b isoform. Thus, PKP3 provides for various physical links between the often selectively synthesized desmosomal proteins. Interaction with desmosomal cadherins and/or Pg (but not DP) appears necessary for proper desmosomal localization of PKP3. We propose a model ([Fig. 11](#fig11){ref-type="fig"}) in which PKP3 is involved in the basic assembly of a vast majority of epithelial and epidermal desmosomes by multiple interactions within the desmosomal plaque. The remarkably broad spectrum of PKP3 binding partners might indicate that cooperative PKP3 interactions with several desmosomal proteins are more effective in the generation of stable desmosomes than the strength of each of the discrete interactions.

Materials and methods
=====================

Antibodies
----------

C57/BL6 mice were immunized with a human PKP3-specific synthetic peptide (aa sequence FTPQSRRLRELPLAADALTF), spanning mostly the spacer region between armadillo repeats 6 and 7 of the human PKP3 sequence ([@bib5]). The immunization protocol used was essentially as described previously ([@bib43]). Alternatively, mice were immunized with a PKP3-specific synthetic peptide localized at the extreme carboxy terminus of the protein (aa sequence KLHRDFRAKGYRKED), yielding antibody 12B11F8.

Other antibodies used were mouse anti-myc tag (Oncogene Research Products), mouse anti-CK18 antibody RGE53 (Euro-Diagnostics), mouse anti-DP and anti-PKP2 (Progen), mouse anti-PKP1 (Zymed Laboratories), polyclonal OctA-Probe™ (Santa Cruz Biotechnology, Inc.). Secondary antibodies used in immunofluorescence microscopy were Alexa^®^ 594- or Alexa^®^ 488-conjugated anti--mouse Ig antibodies (Molecular Probes, Inc.).

Immunodetection assays
----------------------

Proteins were detected in Western blot experiments by ECL detection (Amersham Biosciences) or NBT/BCIP detection (Sigma-Aldrich). Antibody dilution used for Western blots was 1:5000 (23E3/4) and 1:100 (12B11F8).

Immunofluorescence assays were performed essentially as described previously ([@bib5]). Formaldehyde-fixed cells were treated for 15 min with 0.2% Triton X-100 before incubation with primary antibodies. 23E3/4 antibody dilution was 1:300. Fluorescence image results were captured using a camera (MicroMAX; RS Photometrics) and processed using the MetaMorph^®^ software (Universal Imaging Corp.). Alternatively, images were taken using a standard camera.

Immunohistochemical detection of PKP3 was performed essentially as described by [@bib35]. In these experiments, the DAKO LSAB2 system HRP (ready-to-use AEC) was used according to the manufacturer\'s instructions (DakoCytomation). 23E3/4 antibody dilution ranged from 1:100 to 1:500. Images were captured using a CoolSNAP camera and dedicated software (RS Photometrics).

Cell lines and transfections
----------------------------

The ileocecal adenocarcinoma cell line HCT8/E8 was obtained by subcloning of the cell line HCT8 ([@bib49]). MCF7/AZ is derived from the MCF-7 human mammary carcinoma cell line ([@bib8]) and HaCaT is a human keratinocyte cell line ([@bib7]). MCF7/AZ cells were transiently transfected with FuGENE™ 6 (Roche); HCT8/E8 cells were transiently transfected with LipofectAMINE™ PLUS (Life Technologies). Transfected cells were fixed 26--30 h later. HEK293T cells ([@bib46]), COS1 and COS7 cells ([@bib14]) and PtK2 cells ([@bib3]) were transfected using the calcium phosphate method and fixed 48 h later.

Eukaryotic expression plasmids
------------------------------

All human PKP3 constructs were made by PCR using *Pfu* DNA polymerase (Stratagene) and primers containing appropriate additional restriction sites, which are underlined in the primer sequences. Silent mutations present in primers are in bold. All constructs ([Fig. 3](#fig3){ref-type="fig"}) were fully sequenced to ensure that mutations had not occurred during PCR. Full-length human PKP3 was amplified with forward primer 5′-atac[gctagc]{.ul}ccaggcccggtggacct-3′ (P1) and reverse primer 5′-atac[gaattc]{.ul} **a**gg**a**cccaggaagtcctcct-3′ (P2), using the full-length human PKP3 cDNA cloned in pGEM11 as template DNA ([@bib5]). The resulting PCR product was NheI/EcoRI-cut and cloned in the SpeI/EcoRI sites of pEF6/Myc-His B (Invitrogen), out of frame with the Myc and His tags of the vector, resulting in plasmid p1744. The PCR product was also cloned in the NheI/EcoRI sites of the pEGFP-N2 vector (CLONTECH Laboratories, Inc.) resulting in p1910, encoding full-length human PKP3 in-frame with the GFP tag.

PKP3head and PKP3arm expression constructs were obtained as follows: PCR was performed using the full-length human PKP3 cDNA cloned in pGEM11 as template DNA. The PKP3head fragment was amplified using forward primer P1 and reverse primer 5′-ataa[gaattc]{.ul}gtg**a**cccgagtcagccaggc-3′; the PKP3arm fragment with forward primer 5′-ataa[gctagc]{.ul}gccatg**t**tgccggacgtgcatggg-3′ and reverse primer P2. PCR products were NheI/EcoRI-cut and cloned in the NheI/EcoRI sites of pEGFP-N2.

PKP3ΔHR2 was obtained as follows: two primer sets were developed that do not span the HR2-coding cDNA part of PKP3 and which introduce a silent BssHII site in the PKP3 cDNA. The PCR products, amplified with primer set 1 (forward primer P1 and reverse primer 5′-aata[g**c**gcgc]{.ul}g**a**cacacgccggcctcagg-3′) and primer set 2 (forward primer 5′-aata[gcgc**g**c]{.ul}g**a**ctcttgcagctg-3′ and reverse primer P2), were respectively NheI/BssHII- and BssHII/EcoRI-cut, and simultaneously cloned in the SpeI/NheI sites of pEF6Myc-HisA (Invitrogen) to obtain p1912. After sequencing, this insert was again amplified with the full-length PKP3 primers for cloning in pEGFP-N2, resulting in p1911. The PKP3headΔHR2 fragment was amplified with the primer set used for amplification of the PKP3head domain and cloned accordingly.

Mouse Dsc3a and Dsc3b constructs were a gift from Drs. D. Garrod and C. Byrne (University of Manchester, Manchester, UK). Expression constructs (corresponding cytoplasmic domains depicted in [Fig. 8](#fig8){ref-type="fig"} d) were made in pEF6Myc-HisB (Invitrogen) by amplifying the cDNA inserts with primer set 1 for Dsc3a (forward primer P5 with sequence 5′-aata[ggtacc]{.ul}gctgcactgtgcgatggtgg-3′, reverse primer 5′-aata[actagt]{.ul}gcgcttagtgcaggtttttg-3′) and primer set 2 for Dsc3b (forward primer P5, reverse primer 5′-aata[actagt]{.ul}accagtgtgtcctctaatgg-3′). Dsc3bΔcyto1 and Dsc3bΔcyto2 inserts were amplified using primer sets 3 (forward primer P5, reverse primer 5′-aata[actagt]{.ul}agaacacactctgtcatccc) and 4 (forward primer P5, reverse primer 5′-aata[actagt]{.ul}caaggtctggtgtcctttca), respectively. PCR products were KpnI/SpeI-cut and cloned into the KpnI/SpeI sites of the pEF6Myc-HisB vector.

Expression constructs encoding full-length myc-tagged human Dsg1, Dsg2, Dsc1a, and Dsc2a were described previously ([@bib27]; [@bib22]); the human Dsg3 construct was a gift from Dr. J. Stanley (University of Pennsylvania, Philadelphia, PA). The FLAG-tagged DP and Myc-tagged Pg expression constructs were described previously ([@bib28]; [@bib6]).

Yeast two-hybrid plasmids
-------------------------

All PKP3 constructs were made by PCR using *Pfu* DNA polymerase (Stratagene) and primers containing appropriate additional restriction sites, which are underlined in the primer sequences. Silent mutations present in primers are in bold. All constructs ([Fig. 3](#fig3){ref-type="fig"}) were fully sequenced to ensure that mutations had not occurred during PCR. Constructs pGBKT7hPKP3, pGBKT7hPKP3arm, and pGBKT7hPKP3head were made using the following primers: forward primer 5′-atac[gaattc]{.ul}caggacggtaacttcctg-3′ (P3) and reverse primer 5′-atac[gtcgac]{.ul}acagccaacccccacctct-3′ (P4; full-length PKP3); forward primer 5′-atac[gaattc]{.ul} **t**tgccggacgtgcatgggtt-3′ and reverse primer P4 (PKP3arm); forward primer P3 and reverse primer 5′-atac[gtcgac]{.ul}gtg**a**cccgagtcagccaggc-3′ (PKP3head). Amplified fragments were EcoRI/SalI-cut and cloned in the EcoRI/SalI sites of pGBKT7 (CLONTECH Laboratories, Inc.). Template DNA was the full-length human PKP3 cDNA cloned in pGEM11. The pGBKT7hPKP3ΔHR2 construct was made as follows: using DNA from plasmid p1912 as template, PCR was performed using forward primer P3 and reverse primer 5′-atac[gaattc]{.ul} **a**gg**a**cccaggaagtcctcct-3′. The PCR product was EcoRI-cut and cloned in the EcoRI site of pGBKT7 to obtain pGBKT7hPKP3ΔHR2. To obtain pGBKT7hPKP3headΔHR2, the insert of p1912 was amplified with forward primer P3 and reverse primer 5′-atac[gtcgac]{.ul}gtg**a**cccgagtcagccaggc-3′, and the resulting PCR product was EcoRI/SalI-cut and cloned in the EcoRI/SalI sites of pGBKT7. The Dsg and Dsc constructs in pGAD424 were reported previously ([@bib18]). Plasmids were EcoRI/SalI-cut and inserts were cloned in the EcoRI/XhoI sites of pGADT7, except for pGAD424Dsc2b. The pGAD424Dsc2b insert was EcoRI/MamI-cut and cloned in the EcoRI/SmaI sites of pGADT7. pGAD424 constructs containing the Dsg, CBS, IA, and CBS+Dsg domain of Dsg1 have been described previously ([@bib18]). These plasmids were EcoRI/SalI-cut and cloned in the EcoRI/SalI sites of pGADT7. DNA from pGADT7Dsg1 was Tth111I-cut, blunted to generate a frameshift and self-ligated, resulting in pGADT7Dsg1 (519--789). Alternatively, the DNA was AvrII-cut, blunted to generate a frameshift and self-ligated, which resulted in pGADT7Dsg1 (IA+CBS) encoding aa 519--715 of Dsg1. Alternatively, DNA from pGADT7Dsg1 was BglII-cut and ligated, followed by digestion with Tth111I, blunting and ligation to generate pGADT7Dsg1 (aa 595--789). Plasmids were sequenced to ensure that the intended in-frame ligations or frameshifts had occurred correctly. pGADT7mEcad contains the cytoplasmic tail of mouse E-cadherin, and pGADT7hp1203AC and pGBKT7hp1203AC contain the human p120ctn isoform 3AC. The cytoplasmic domain of protocadherin-β15 was amplified via PCR using forward primer 5′-agc[gaattc]{.ul}ctgtgcaggaggagcagg-3′ and reverse primer 5′-ata[gtcgac]{.ul}tacagatacctacattattctag-3′. The amplified fragment was EcoRI/SalI-cut and cloned in the EcoRI/SalI sites of pGBKT7 (CLONTECH Laboratories, Inc.). pACTIIDPNTP was described previously ([@bib28]). In pACTIIDPNTPmut, a 1-bp deletion causes a frame shift in the DPNTP-coding sequence, resulting in translation of only the first 63 aa of DP.

Yeast two-hybrid analysis
-------------------------

Yeast two-hybrid interaction assays were performed using yeast strain AH109 (CLONTECH Laboratories, Inc.). Cotransformed yeast colonies were stamped on synthetic dropout medium (SD) lacking leucine and tryptophan for growth control, and SD lacking leucine, tryptophan, histidine, and adenine for interaction testing. SD lacking leucine, tryptophan, histidine, and adenine was supplemented with X-αgal, resulting in growth of blue yeast colonies when bait and prey fusion proteins interact.

CoIP experiments
----------------

HEK293T cells were transiently transfected with the constructs of interest and lysed 48 h later. The full-length PKP3-encoding plasmid used in these experiments was p1744. CoIP experiments were performed essentially as described by [@bib28], using the PKP3-specific antibody 23E3/4.
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